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Outline 
n  Motivation: ENDF/ENSDF evaluations, 9B in BBN/7Li destruction 

n  R-matrix formalism: T-matrix/observables, EM channels, EDA code 

n  Summary of 9B data: DCS, σ 

n  Analysis: χ2/Ndata, resolution broadening 
→ Used earlier 3-channel evaluation by G. Hale, added capture channel 

n  Resonance stucture: implications for BBN 

n  Summary, findings & future work 
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Motivation 
n  Cross section evaluation & resonance structure 

→ Nucl. Phys. A745, 155, 2004(2011) 

n  Astrophysical applications 
→ Big bang nucleosynthesis 

• Nuclear physics solution to       predicted overproduction problem? (cf. Hoyle) 
• Details next slide. 

n  Purpose within Los Alamos Nat. Lab programmatic 
→ Continue the R-matrix program for various end-users 
→ Ongoing/upcoming analysis releases: 7Be, 13C [G. Hale Tues. Session GA 2],14C, 17O, … 
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Table 9.13: Energy levels of 9B

Ex
a (MeV± keV) Jπ; T Γc.m. (keV) Decay Reactions

g.s. 3
2

−; 1
2

0.54 ± 0.21 p 1, 2, 3, 4, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16,
17

≈ 1.6 b p, (α) 3, 4, 8, 13
2.361 ± 5 5

2

−; 1
2

81 ± 5 p, α 1, 2, 4, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17

2.75 ± 300 c 1
2

−; 1
2

3130 ± 200 p 3, 7, 10
2.788 ± 30 5

2

+; 1
2

550 ± 40 p, α 4, 7, 10, 11, 13, 15, 16
4.3 ± 200 d 1600 ± 200 7

6.97 ± 60 7
2

−; 1
2

2000 ± 200 p 4, 7, 11, 14, 15, 16
11.65 ± 60 e (7

2
)−; 1

2
800 ± 50 p 11, 13, 15, 16

12.19 ± 40 f 5
2

−; 1
2

450 ± 20 p, α 4, 7, 10, 14
14.01 ± 70 π = −; 1

2
390 ± 110 p, α 4, 7, 10, 14

14.6550 ± 2.5 3
2

−; 3
2

0.395 ± 0.042 γ, p 4, 7, 8, 10, 14
14.7 ± 200 g (5

2
)−; 1

2
1350 ± 200 11

15.29 ± 40 T = 1
2

14
15.58 ± 40 T = 1

2
14

16.024 ± 25 T = (1
2
) 180 ± 16 4, 14

16.71 ± 100 h (5
2

+
); (1

2
) 7

17.076 ± 4 1
2

−; 3
2

22 ± 5 (γ, 3He) 1, 14
17.190 ± 25 120 ± 40 p, d, 3He 4, 5, 14
17.54 ± 100 h,i (7

2

+
); (1

2
) 7

17.637 ± 10 i 71 ± 8 p, d, 3He, α 1, 4, 5, 14
a See reactions 7 and 8 for additional states and other values.
b A wide range of excitation energies and widths have been given from searches for the analog of the
1.68 MeV 1

2

+ state of 9Be. See (1987BA54, 1992CA31, 1995TI06, 1996BA22, 1999EF01).
c Analog to 9Be*(2.78). See (1985PU1A, 1995TI06, 2000GE09).
d See (1985PU1A). A level listed at Ex = 4.8MeV in (1988AJ01) was based on (1986AR14, 1987KA36).
e See (1974AJ01, 1985PU1A). Width from (1968KU04).
f See (1985PU1A, 2000GE09, 2001BE51).
g From (1968KU04).
h From (1985PU1A). See (1991DI03).
i These two levels may not be distinct.
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A nuclear physics solution to the BBN 7Li problem? 
n  Primordial nucleosynthesis 

→ Probes early universe w/in standard model 
→ Big-bang nucleosynthesis: D,4He,7Li abundances 
→ D,4He abundances agree with theo/expl uncertainties 
→ At ηwmap (CMB) 7Li/H|BBN ~ (2.2−4.2)*7Li/H|halo* 

→ Discrepancy ~ 4.5−5.5σ     the “Li problem” 

n  Resonant destruction 7Li (Hoyle-type solution) 
→ Prod. mass 7 “well understood”; destruction not 
→ Cyburt & Pospelov arXiv:0906.4373; IJMPE, 21(2012) 

•  7Be(d,p)αα & 7Be(d,γ)9B resonant enhancement 
•  Identify 9B E5/2+≃16.7 MeV≃Ethr(d+7Be)+200 keV 

•  Near threshold 
•  (Er,Γd)≃(170−220,10−40) keV solve Li problem 

→ Chakraborty, Fields & Olive PRD83, 063006 (2011) 
• More general approach: A=8,9,10 & 11 
•  Identify as possibly important: 9B, 10B, 10C 

→ ‘Large’ widths 
• Both conclude “large channel radius” required 
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20. Big-Bang nucleosynthesis 241

20. BIG-BANG NUCLEOSYNTHESIS

Revised August 2009 by B.D. Fields (Univ. of Illinois) and S. Sarkar
(Univ. of Oxford).

Big-Bang nucleosynthesis (BBN) offers the deepest reliable probe
of the early Universe, being based on well-understood Standard Model
physics [1–5]. Predictions of the abundances of the light elements, D,
3He, 4He, and 7Li, synthesized at the end of the ‘first three minutes’,
are in good overall agreement with the primordial abundances inferred
from observational data, thus validating the standard hot Big-Bang
cosmology (see [6] for a review). This is particularly impressive
given that these abundances span nine orders of magnitude – from
4He/H ∼ 0.08 down to 7Li/H ∼ 10−10 (ratios by number). Thus BBN
provides powerful constraints on possible deviations from the standard
cosmology [2], and on new physics beyond the Standard Model [3,4].

20.1. Theory

The synthesis of the light elements is sensitive to physical conditions
in the early radiation-dominated era at a temperature T ∼ 1 MeV,
corresponding to an age t ∼ 1 s. At higher temperatures, weak
interactions were in thermal equilibrium, thus fixing the ratio of
the neutron and proton number densities to be n/p = e−Q/T ,
where Q = 1.293 MeV is the neutron-proton mass difference.
As the temperature dropped, the neutron-proton inter-conversion
rate, Γn↔p ∼ G2

FT 5, fell faster than the Hubble expansion rate,
H ∼

√
g∗GN T 2, where g∗ counts the number of relativistic particle

species determining the energy density in radiation (see ‘Big Bang
Cosmology’ review). This resulted in departure from chemical
equilibrium (‘freeze-out’) at Tfr ∼ (g∗GN/G4

F)1/6 # 1 MeV. The
neutron fraction at this time, n/p = e−Q/Tfr # 1/6, is thus sensitive
to every known physical interaction, since Q is determined by both
strong and electromagnetic interactions while Tfr depends on the
weak as well as gravitational interactions. Moreover, the sensitivity
to the Hubble expansion rate affords a probe of e.g., the number of
relativistic neutrino species [7]. After freeze-out, the neutrons were
free to β-decay, so the neutron fraction dropped to n/p # 1/7 by the
time nuclear reactions began. A simplified analytic model of freeze-out
yields the n/p ratio to an accuracy of ∼ 1% [8,9].

The rates of these reactions depend on the density of baryons
(strictly speaking, nucleons), which is usually expressed normalized to
the relic blackbody photon density as η ≡ nb/nγ . As we shall see, all
the light-element abundances can be explained with η10 ≡ η × 1010

in the range 5.1–6.5 (95% CL). With nγ fixed by the present CMB
temperature 2.725 K (see ‘Cosmic Microwave Background’ review),
this can be stated as the allowed range for the baryon mass density
today, ρb = (3.5–4.5) × 10−31 g cm−3, or as the baryonic fraction of
the critical density, Ωb = ρb/ρcrit # η10h−2/274 = (0.019–0.024)h−2,
where h ≡ H0/100 km s−1 Mpc−1 = 0.72 ± 0.08 is the present Hubble
parameter (see Cosmological Parameters review).

The nucleosynthesis chain begins with the formation of deuterium
in the process p(n, γ)D. However, photo-dissociation by the high
number density of photons delays production of deuterium (and
other complex nuclei) well after T drops below the binding energy
of deuterium, ∆D = 2.23 MeV. The quantity η−1e−∆D/T , i.e., the
number of photons per baryon above the deuterium photo-dissociation
threshold, falls below unity at T # 0.1 MeV; nuclei can then begin to
form without being immediately photo-dissociated again. Only 2-body
reactions, such as D(p, γ)3He, 3He(D, p)4He, are important because
the density by this time has become rather low – comparable to that
of air!

Nearly all the surviving neutrons when nucleosynthesis begins end
up bound in the most stable light element 4He. Heavier nuclei do not
form in any significant quantity both because of the absence of stable
nuclei with mass number 5 or 8 (which impedes nucleosynthesis via
n4He, p4He or 4He4He reactions), and the large Coulomb barriers
for reactions such as T(4He, γ)7Li and 3He(4He, γ)7Be. Hence the
primordial mass fraction of 4He, conventionally referred to as Yp, can
be estimated by the simple counting argument

Yp =
2(n/p)
1 + n/p

# 0.25 . (20.1)
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as
predicted by the standard model of Big-Bang nucleosynthesis
[11] − the bands show the 95% CL range. Boxes indicate
the observed light element abundances (smaller boxes: ±2σ
statistical errors; larger boxes: ±2σ statistical and systematic
errors). The narrow vertical band indicates the CMB measure of
the cosmic baryon density, while the wider band indicates the
BBN concordance range (both at 95% CL). Color version at end
of book.

There is little sensitivity here to the actual nuclear reaction rates,
which are, however, important in determining the other ‘left-over’
abundances: D and 3He at the level of a few times 10−5 by number
relative to H, and 7Li/H at the level of about 10−10 (when η10
is in the range 1–10). These values can be understood in terms of
approximate analytic arguments [9,10]. The experimental parameter
most important in determining Yp is the neutron lifetime, τn, which
normalizes (the inverse of) Γn↔p. The experimental uncertainty in τn
used to be a source of concern, but has been reduced substantially:
τn = 885.7 ± 0.8 s (see N Baryons Listing).

The elemental abundances shown in Fig. 20.1 as a function of η10
were calculated [11] using an updated version [12] of the Wagoner
code [1]; other modern versions [13,14] are publicly available. The
4He curve includes small corrections due to radiative processes at
zero and finite temperatures [15], non-equilibrium neutrino heating
during e± annihilation [16], and finite nucleon mass effects [17];
the range reflects primarily the 2σ uncertainty in the neutron
lifetime. The spread in the curves for D, 3He, and 7Li corresponds
to the 2σ uncertainties in nuclear cross sections, as estimated by
Monte Carlo methods [18–19]. The input nuclear data have been
carefully reassessed [11, 20-23], leading to improved precision in the
abundance predictions. In particular, the uncertainty in 7Li/H at
interesting values of η has been reduced recently by a factor ∼ 2, a
consequence of a similar reduction in the error budget [24] for the
dominant mass-7 production channel T (4He, γ)7Be. Polynomial fits
to the predicted abundances and the error correlation matrix have
been given [19,25]. The boxes in Fig. 20.1 show the observationally
inferred primordial abundances with their associated statistical and
systematic uncertainties, as discussed below.

NB: both approaches 
assume validity of TUNL-
NDG tables 
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Covariances from Light-Element R-Matrix Analyses 
G. M. Hale' 

Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 8 7545, USA 

We review the method for obtaining covariance information for light-element reactions using R-matrix theory. The general LANL R-
matrix analysi s code EDA provides accurate covariances for the resonance parameters at a solution due to the search algorithm it uses to find a 
local minimum of the chi-square surface. This information is used, together with analytically calcul ated sensitivity derivati ves, in th e first-order 
error propagation equation to obtain cross-section. covariances for all reactions included in the analysis. Examples are given of the covariances 
obtained from the EDA analyses for n-p scattering and for the n+6Li reactio ns used in the latest light-element standard cross section evaluation. 
Also discussed is a method of defining "pure theory" correlations that could be useful fo r extensions to higher energies and heavier systems. 

I. Introduction 
The interest in covariance information for evaluated nuclear 

cross sections has experienced a resurgence in recent years. We 
review in this paper the methods used at Los Alamos to obtain 
covariances from R-matrix analyses of reactions in light nuclear 
systems, using the EDA code. The cross sections and 
covariances from these analyses were used as input for the two 
previous versions of the light-element standard cross section 
evaluation, and more recently in some of the "low-fidelity" 
covariances provided for the Nuclear Criticality Safety data file 
(see the paper of Kawano et al. [I D. Following a brief, formal 
summary of R-matrix theory in the next section, we will 
describe in Section III its implementation in the general R-
matrix code EDA . This section also contains a discussion of the 
chi-square expression used to fit the experimental data, and of 
how cross-section covariances are obtained for all reactions 
included in the analysis by means of first-order error 
propagation. Example will be given in Section IV of the 
co variances obtained for the standards cross sections for n-p 
scattering, and for the n+6Li reaction. In Section V we consider 
the possibility of defining " pure-theory" correlations for 
microscopic calculations of the kind described by Hofmann [2] 
at this workshop. Finally, the summary and conclusions of the 
paper are given in Section VI. 

II. R-matrix formalism 
As has been pointed out at many previous nuclear data 

conferences, e.g. [3] , R-matrix theory [4] is the most useful 
framework for describing light-nuclear reactions, particularly 
those exhibiting resonance structure. Figure J is a schematic 
showing some of the R-matrix quantities discussed below, as 
well as the separation of coordinate space into an "interior" and 
"exterior" region , separated by the "channel surface", and 
becoming at infinite cluster separations (re 00) the 
"asymptotic" region. 

Formally, the R-matrix elements can be expressed as 
projections on the channel-surface functions Ie) of the Green's-
function operator G B = (H + L 8 - Er'· H is the total interaction 
hamiltonian when all the nucleons of the system are close 
together, E is the total c.m. energy, and 

L a = c)(c I [: e re - B,) (1) 

is the so-called " Bloch operator" whose function is to make the 
combination H + L n hermitian in the finite region bounded by 
the channel radii r, = a" and to introduce the boundary values 
Be of the logarithmic derivative at the channel surface (re = aJ. 
Then the solutions of the eigenvalue equation 

(H + LB - E, ) IX) = 0 (2) 
form a complete, orthogonal set in the internal region ( r e:5. a J, 
in terms of which the R-matrix elements take their familiar pole 
expansion 

Ree = (c' I (H + L n - Er' I c) = I (c' c). , , (3) 

The R matrix thus parameterizes through the real reduced-width 
amplitudes YeA = (c I A.) and the eigenenergies E, the scattering 
wave functions at short distances, which are matched at the 
channel surface to their known asymptotic forms (see Fig. 1) to 
determine the scattering amplitudes (T-, or S- matrix elements), 
from which any measured observable can be calculated. 

INTERIOR (Many-Body) REGION 
(Microscopic Calculations) 

H +.48 
compACt. bmn.lian 

cigcnfunctlGnil m 
H111Xn"I)iI(:Ie 

SURFACE 

.48 - LIC)(£1(...i!.....r, - Be). 
car, 

ASYMPTOTIC REGION 
(S·malnx, phase sh,tts, etc.) 

(rc 11/1:)- - /c' (r,.)6,·c + 0 , (r,,) S,·c 
or equivalently , 

MeasuremenlS 

• - I l: (c'I A)(A lc) R , - (c I (H+ ..tB -E) lel a 
'c E - E ) . ). 

FIG 1: Schematic diagram showing the separation of coordinate 
space assumed in R-matrix theory, as well as definitions and 
properties of some of its relevant quantities. 

R-matrix formalism 
n  R-matrix theory: unitary, 

multichannel parametrization 
of (not just resonance) data 

n  Interior/Exterior regions 
→ Interior: strong interactions 
→ Exterior: Coulomb/non-

polarizing interactions 
→ Channel surface  

n  R-matrix elements 
→ Projections on channel 

surface functions             of 
Green’s function 

→ Boundary conditions 

n  E-M channels 
→ Next slide 
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Electromagnetic channels 
n  One-photon sector of Fock space 

→ Photon ‘wave function’ 

→ Radial part 

→ Photon channel surface functions 

• Photon ‘mass’:  
 
→ R-matrix definition preserved 
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Implementation in EDA 
n  EDA = Energy Dependent 

Analysis 
→ Adjust  

n  Any number of two-body 
channels 
→ Arbitrary spins, masses, charges 

(incl. mass zero) 

n  Scattering observables 
→ Wolfenstein trace formalism 

n  Data  
→ Normalization 
→ Energy shifts 
→ Energy resolution/spread 

n  Fit solution 

n  Covariance determined 
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III. The EDA code 
The multichannel R-matrix formalism has been implemented 

in the most general possible form in the Los Alamos code EDA 
(for I;nergy .Qependent Analysis) [5]. A flow-chart of the 
code ' s operation is shown in Fig. 2. The code accommodates 
any number of two-body channels having particles with 
arbitrary spins, masses , and charges. The formulation is 
relativistic, so that even zero-mass particles, such as photons, 
are treated correctly. General scattering observables for 2 2 
processes are calculated using the Wolfenstein trace formalism 
[6]. Experimental data can be modified by the use of adjustable 
normalizations and energy shifts, and the calculations can fold 
in the effects of beam energy resolution/spread . 

near a solution, when all the parameters (including 
normalizations) are adjusted to minimize X2

. 

Near a solution, chi-square assumes the quadratic form 

X"f)" + (p - Po) T go + 1(p - Po) 'G 0 (p - Po), (5) 

in which go = V' = 0, and Go is the matrix of second 
P P_P II 

derivatives of X2 with respect to parameters at the solution point 
po. A rank-one variable-metric search algorithm builds up 
iteratively, in terms of which the parameter covariance matrix is 
Co = The accuracy of this procedure is assured by using 
analytic first derivatives, and by terminating the search only 
when the magnitude of go is sufficiently small. Cross-section 
covariances are then given by first-order error propagation as 

Energy Dependent Analysis Code cov[a, (E)a) (E')] = [V'pa; (£)r Co [V'po-,cE')tp ., 
(6) 

R-matrix : Data-related 
parameters : ......--

Y"),,V c)" 
Rec = I I E. _ E normalizations 

;. I. energy sh i fts 

+ ,aleul"le 

T - (or S-) matrix elements 

+ I"'rm 

Scattenng observable, 
usmg Wollenstem trnce 
formalism 

.. "'M n. (X ) 

Expenmt!ntal data for 
all reactions 

'dill' r ,rar1 t r 
t!lf f1UnlmUm 

FIG. 2: Schematic of the EDA code. 

The R-matrix calculations are compared with experimental 
data using 

2 = ",[ nX,(p)_R, ]2 +[nS-IJ 
X EOA f:..R i"1S / S ' , , 

(4) 

in which for a given scattering observable, X, (p) are the values 
calculated from R-matrix parameters p, R;, f:..R, are the 
measured relative values and their standard errors, respectively; 
S, i"1S are the measured scale and its standard error, and n is the 
associated adjustable normalization parameter. This expression 
differs from the usual one in which the deviations are weighted 
by the inverse of the full variance/covariance matrix for the 
measurements M, = R,S. However, if the relative and scale 
parts of the measurement are assumed to be independent, as in 
Eq, (4), the usual expression closely approaches the EDA one 

= 6a, (£)6a, (E')p'J (£,E') , 

expressed on the second line in terms of the cross section 
standard errors 6CY and correlation coefficient p. 

IV. Examples 
We will give examples of covariances calculated from two 

of the EDA R-matrix analyses that contributed to the IAEA 
evaluation of the light-element standards, as discussed in this 
workshop by Carlson et at. [7]. First is the N-N system, which 
is non-resonant in the low-energy range, and the second is the 
7Li system, which has several resonances in the energy ranges 
considered. In the second instance, the covariances differ from 
those of the latest IAEA standards evaluation [8] because that 
evaluation included other analyses and data in the final result. 

A. The nucleon-nucleon system 
The R-matrix analysis of the N-N system is a charge-

independent, relativistic parameterization of p-p and n-p 
scattering data, along with measurements from n+p capture and 
r+d photodisintegration, at energies up to 30 MeV , The top part 
of Table I gives the channel configuration of the analysis and 
the bottom part a summary of the types of data included, 
numbers of points, and X2 contributions for each reaction. 
Overall, an excellent fit is achieved to more than 5000 data 
points, giving a chi-square per degree of freedom of 0.83 . 

The spin-dependent n-p scattering lengths from the analysis 
areau =-23.719(5)frnanda,=5.414(l)frn. These give the 
values 
ac = (3a, + ao) / 4 = - 1.8693 frn , 

(7) 

CY " = rc (3a,2 + = 20.437 b, 
for the coherent scattering length, polarized cross section, and 
scattering cross section, respectively, near zero energy. The 
first two agree exactly with the experimental values [8,9], while 
the zero-energy scattering cross section agrees with the 
measurement of Houk [10], but not with that of Dilg [11]. A 
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Summary of included 9B data 
n  6Li+3He elastic Buzhinski et.al., Izv. Rossiiskoi Akademii Nauk, Ser.Fiz., Vol.43, p.158 (1979) 

→ Differential cross section 
→ 1.30 MeV < E(3He) < 1.97 MeV 

n  6Li+3He     p+8Be* Elwyn et.al., Phys. Rev. C 22, 1406 (1980) 
→ Integrated cross section 
→ Quasi-two-body, excited-state averaged final channel 
→ 0.66 MeV < E(3He) < 5.00 MeV 

n  6Li+3He     d+7Be D.W. Barr & J.S. Gilmore, unpublished (1965) 
→ Integrated cross section 
→ 0.42 MeV < E(3He) < 4.94 MeV 

n  6Li+3He       +9B Aleksic & Popic, Fizika 10, 273-278 (1978) 
→ Integrated cross section 
→ 0.7 MeV < E(3He) < 0.825 MeV 
→ New to 9B analysis 

n  Data for future evaluation 
→ Separate 8Be* states 

•  2+@200 keV [16.9 MeV], 1+@650 keV [17.6 MeV], 1+@1.1 MeV[18.2 MeV] 
→ n+8B: Ethresh(3He) = 3 MeV 
→ Simultaneous analysis with 9Be mirror system 
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R-matrix configuration in EDA code 

EDA 27

A1A ⇡
2 t↵+ n6Li+ n6Li*+ d 5He�

@
@

@@`

S
1
2

3
2

1
2

7
2

5
2

5
2

3
2

1
2

0 2S1/2
4S3/2

2S1/2
8S7/2

6S5/2
6S5/2

4S3/2
2S1/2

1 2P3/2,1/2
4P5/2,3/2,1/2

2P3/2,1/2
8P9/2,7/2,5/2

6P7/2,5/2,3/2

2 2D5/2,3/2
4D7/2,5/2,3/2,1/2

2D5/2,3/2
8D11/2,9/2,7/2,5/2,3/2

6D9/2,7/2,5/2,3/2,1/2

3 2F7/2,5/2
4F9/2,7/2,5/2,3/2

2F7/2,5/2
8F13/2,11/2,9/2,7/2,5/2,3/2,1/2

6F11/2,9/2,7/2,5/2,3/2,1/2

4 2G9/2,7/2
4G11/2,9/2,7/2,5/2

2G9/2,7/2
8G15/2,13/2,11/2,9/2,7/2,5/2,3/2,1/2

6G13/2,11/2,9/2,7/2,5/2,3/2

5 2H11/2,9/2
4H13/2,11/2,9/2,7/2

2H11/2,9/2
8H17/2,15/2,13/2,11/2,9/2,7/2,5/2,3/2

6H15/2,13/2,11/2,9/2,7/2,5/2

TABLE VIII: The LS terms and their relevance for 7Li. S is the channel spin, ` is orbital angular momentum,

the partial waves are given by spectroscopic notation, 2S+1LJ . The `max parameter for the channels 1� 4

are given by: 5,3,1,0; thus, the excluded partial waves are in blue. The #4 channel, d5He�, includes only

` = 0 partial waves and the (repetitive) excluded partial waves (that would appear in blue) aren’t shown

for that channel. Note that the channel spins in each channel are listed from highest to lowest from left to

right.

A1A ⇡
2

3He6Li+ p8Be*+ d7Be�

@
@

@@`

S
3
2

1
2

5
2

3
2

5
2

3
2

1
2

0 4S3/2
2S1/2

6S5/2
4S3/2

6S5/2
4S3/2

2S1/2

1 4P5/2,3/2,1/2
2P3/2,1/2

6P7/2,5/2,3/2
4P5/2,3/2,1/2

6P7/2,5/2,3/2
4P5/2,3/2,1/2

2P3/2,1/2

2 4D7/2,5/2,3/2,1/2
2D5/2,3/2

6D9/2,7/2,5/2,3/2,1/2
4D7/2,5/2,3/2,1/2

6D9/2,7/2,5/2,3/2,1/2
4D7/2,5/2,3/2,1/2

2D5/2,3/2

TABLE IX: The LS terms and their relevance for 9B. The `max parameter for the channels 1� 3 are given

by: 2,1,1, respectively; excluded partial waves (for the current 9B configuration) are in blue.

The next block of data consists of kusize [=41 for 7

Li] lines of three-column data. These

are the channel radii, B parameters (related to the ln derivatives) and a third parameter that

is related to hard-sphere phase shift cancellation (usually zero). These parameters are

read-in by a partial wave ordering determined from an algorithm developed by Don Dodder and

John Gamble that is dependent on Table VIII.

The LS terms are given in Table VIII for included channels and partial waves for the 7Li run

(excluded partial waves for the 7Li run are shown in blue). Referring to the channels numerically,

from left to right in Table VIII, ie. 1 ! t↵+, 2 !

6Li+, 3 ! n6Li*+, 4 ! d 5He�. The LS terms

in Table VIII are generated by considering states in column-major order with ` = 0, . . . , `max,

labeling the row, S = |S
1

+ S
2

|, . . . , |S
1

� S
2

| labeling the columns (in each channel) and J =

|L+ S|, . . . , |L� S| a sub-index on each element.

Using this table, we construct the partial wave ordering relevant for the par file using the

following algorithm:
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§ Hadronic channels (in blue, not included) 

Electromagnetic channel: � +9B
orp9b.resbr Tue Feb 26 13:54:49 2013 1

9b analysis (3he,p,d,g)                           3.15057E+00  19-Jul-2012    3 

     kp    a     j         radius           bc
      1    1 4s 3/2     7.50000000f       0.00000000
      2    1 4d 3/2     7.50000000f       0.00000000
      3    1 2d 3/2     7.50000000f       0.00000000
      4    2 4s 3/2     5.50000000f       0.00000000
      5    3 6p 3/2     7.00000000f       0.00000000
      6    3 4p 3/2     7.00000000f       0.00000000
      7    3 2p 3/2     7.00000000f       0.00000000
      8    4 E1 3/2    50.00000000f       0.00000000
      9    1 4p 5/2     7.50000000f       0.00000000
     10    2 6p 5/2     5.50000000f       0.00000000
     11    2 4p 5/2     5.50000000f       0.00000000
     12    3 6s 5/2     7.00000000f       0.00000000
     13    4 M1 5/2    50.00000000f       0.00000000
     14    1 4p 3/2     7.50000000f       0.00000000
     15    1 2p 3/2     7.50000000f       0.00000000
     16    2 6p 3/2     5.50000000f       0.00000000
     17    2 4p 3/2     5.50000000f       0.00000000
     18    3 4s 3/2     7.00000000f       0.00000000
     19    4 M1 3/2    50.00000000f       0.00000000
     20    1 4p 1/2     7.50000000f       0.00000000
     21    1 2p 1/2     7.50000000f       0.00000000
     22    2 4p 1/2     5.50000000f       0.00000000
     23    3 2s 1/2     7.00000000f       0.00000000
     24    4 M1 1/2    50.00000000f       0.00000000
     25    1 4d 7/2     7.50000000f       0.00000000
     26    3 6p 7/2     7.00000000f       0.00000000
     27    1 4d 5/2     7.50000000f       0.00000000
     28    1 2d 5/2     7.50000000f       0.00000000
     29    2 6s 5/2     5.50000000f       0.00000000
     30    3 6p 5/2     7.00000000f       0.00000000
     31    3 4p 5/2     7.00000000f       0.00000000
     32    4 E1 5/2    50.00000000f       0.00000000
     33    1 4d 1/2     7.50000000f       0.00000000
     34    1 2s 1/2     7.50000000f       0.00000000
     35    3 4p 1/2     7.00000000f       0.00000000
     36    3 2p 1/2     7.00000000f       0.00000000
     37    4 E1 1/2    50.00000000f       0.00000000
     38    2 6p 7/2     5.50000000f       0.00000000

                        matrix 1,  3/2+
     39                10.00000000f       1.40235000   
     41    1 4s         3.96704984        0.00000000f  
     41    1 4d         0.00000000f       0.00000000f  
     41    1 2d         0.00000000f      -0.02221017   
     41    2 4s        -0.67805660        0.12501734   
     41    3 6p        -4.39124539        0.76151029   
     41    3 4p         0.00000000f       0.00000000f  
     41    3 2p         0.00000000f       0.00000000f  
     41    4 E1         0.00000000f       0.00000000f  

                        matrix 2,  5/2-
     41                -5.00000000f  
     42    1 4p         2.84657295   
     42    2 6p         1.15249790   
     42    2 4p         0.00000000f  
     42    3 6s         3.00956276   
     42    4 M1         0.00000000f  

                        matrix 3,  3/2-
     42                10.00000000f       4.00000000f     -11.86710500f       1.2213516
5   
     46    1 4p         5.58244720f      -0.81349796        2.18071790f      -0.3452288

orp9b.resbr Tue Feb 26 13:54:49 2013 1

9b analysis (3he,p,d,g)                           3.15057E+00  19-Jul-2012    3 
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     21    1 2p 1/2     7.50000000f       0.00000000
     22    2 4p 1/2     5.50000000f       0.00000000
     23    3 2s 1/2     7.00000000f       0.00000000
     24    4 M1 1/2    50.00000000f       0.00000000
     25    1 4d 7/2     7.50000000f       0.00000000
     26    3 6p 7/2     7.00000000f       0.00000000
     27    1 4d 5/2     7.50000000f       0.00000000
     28    1 2d 5/2     7.50000000f       0.00000000
     29    2 6s 5/2     5.50000000f       0.00000000
     30    3 6p 5/2     7.00000000f       0.00000000
     31    3 4p 5/2     7.00000000f       0.00000000
     32    4 E1 5/2    50.00000000f       0.00000000
     33    1 4d 1/2     7.50000000f       0.00000000
     34    1 2s 1/2     7.50000000f       0.00000000
     35    3 4p 1/2     7.00000000f       0.00000000
     36    3 2p 1/2     7.00000000f       0.00000000
     37    4 E1 1/2    50.00000000f       0.00000000
     38    2 6p 7/2     5.50000000f       0.00000000

                        matrix 1,  3/2+
     39                10.00000000f       1.40235000   
     41    1 4s         3.96704984        0.00000000f  
     41    1 4d         0.00000000f       0.00000000f  
     41    1 2d         0.00000000f      -0.02221017   
     41    2 4s        -0.67805660        0.12501734   
     41    3 6p        -4.39124539        0.76151029   
     41    3 4p         0.00000000f       0.00000000f  
     41    3 2p         0.00000000f       0.00000000f  
     41    4 E1         0.00000000f       0.00000000f  

                        matrix 2,  5/2-
     41                -5.00000000f  
     42    1 4p         2.84657295   
     42    2 6p         1.15249790   
     42    2 4p         0.00000000f  
     42    3 6s         3.00956276   
     42    4 M1         0.00000000f  

                        matrix 3,  3/2-
     42                10.00000000f       4.00000000f     -11.86710500f       1.2213516
5   
     46    1 4p         5.58244720f      -0.81349796        2.18071790f      -0.3452288

! E3/2
1 ,M5/2

1 ,M3/2
1 ,M1/2

1 , E5/2
1 , E1/2

1

Full model space: 
state number; 
channel pair; 
LS; J; channel  
radius [fm] 

(1) (2) (3) 

Ethr(CM, MeV)   16.6                           16.7                                     16.5   
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Analysis result: resonance structure 

orp9b.resbr Tue Feb 26 13:54:49 2013 5

  3 4p     0.0000          0.92257            0.0000          0.0000    
  4 E1     0.0000          0.94476            0.0000          0.0000    
 strength=   0.98303, rate ratio=   1.00000
 frac par=   1.00000

 matrix  7, 1/2+
   1.90000  -2.70000    1.86827  -2.75936
   1.82059  -2.72312    1.82063  -2.72313
   1.82062  -2.72316    1.82062  -2.72316

         er= 1.8206    -2.7232    
 state   red. width amp.   penetrability   partial width   partial rate
  1 4d    0.59327E-01      0.75198E-01       0.52935E-03     0.14041E-01
  1 2s    0.80969          0.35265E-01       0.46240E-01      3.8751    
  3 4p    0.78580          0.11534           0.14244          2.8561    
  3 2p     0.0000          0.11534            0.0000          0.0000    
  4 E1     0.0000          0.25676            0.0000          0.0000    
 strength=   0.03474, rate ratio=   1.00000
 frac par=   1.00000
            Summary of Resonance Levels:

   Ex(MeV)     Jpi   Gamma(keV)  Er(MeV)   ImEr(MeV)    E(3He)    Strength
  16.46539     1/2-    768.46    -.1369    -0.3842      -0.2054   0.06 weak
  17.11317     1/2-      0.14    0.5109    -0.6771E-04   0.7664   1.00 strong
  17.20115     5/2-    871.63    0.5989    -0.4358       0.8984   0.40 weak
  17.28086     3/2-    147.78    0.6785    -0.0739       1.0178   0.77 strong
  17.66538     5/2+     33.33    1.0631    -0.0167       1.5947   0.98 strong
  17.83619     7/2+   2036.21    1.2339    -1.0181       1.8509   0.15 weak
  17.84773     3/2-     42.52    1.2454    -0.0213       1.8681   0.97 strong
  18.04821     3/2+    767.11    1.4459    -0.3836       2.1689   0.54 weak
  18.42292     1/2+   5446.32    1.8206    -2.7232       2.7309   0.03 weak
  18.67716     1/2-  10278.41    2.0749    -5.1392       3.1124   0.15 weak
  19.60923     3/2-   1478.22    3.0069    -0.7391       4.5104   0.52 weak
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S-matrix pole & residue   Hale, Brown, Jarmie PRL 59 ‘87 

NB: no strong resonance seen 
~100 keV of 3He+6Li threshold 
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Analysis result: resonance structure 

orp9b.resbr Tue Feb 26 13:54:49 2013 5

  3 4p     0.0000          0.92257            0.0000          0.0000    
  4 E1     0.0000          0.94476            0.0000          0.0000    
 strength=   0.98303, rate ratio=   1.00000
 frac par=   1.00000

 matrix  7, 1/2+
   1.90000  -2.70000    1.86827  -2.75936
   1.82059  -2.72312    1.82063  -2.72313
   1.82062  -2.72316    1.82062  -2.72316

         er= 1.8206    -2.7232    
 state   red. width amp.   penetrability   partial width   partial rate
  1 4d    0.59327E-01      0.75198E-01       0.52935E-03     0.14041E-01
  1 2s    0.80969          0.35265E-01       0.46240E-01      3.8751    
  3 4p    0.78580          0.11534           0.14244          2.8561    
  3 2p     0.0000          0.11534            0.0000          0.0000    
  4 E1     0.0000          0.25676            0.0000          0.0000    
 strength=   0.03474, rate ratio=   1.00000
 frac par=   1.00000
            Summary of Resonance Levels:

   Ex(MeV)     Jpi   Gamma(keV)  Er(MeV)   ImEr(MeV)    E(3He)    Strength
  16.46539     1/2-    768.46    -.1369    -0.3842      -0.2054   0.06 weak
  17.11317     1/2-      0.14    0.5109    -0.6771E-04   0.7664   1.00 strong
  17.20115     5/2-    871.63    0.5989    -0.4358       0.8984   0.40 weak
  17.28086     3/2-    147.78    0.6785    -0.0739       1.0178   0.77 strong
  17.66538     5/2+     33.33    1.0631    -0.0167       1.5947   0.98 strong
  17.83619     7/2+   2036.21    1.2339    -1.0181       1.8509   0.15 weak
  17.84773     3/2-     42.52    1.2454    -0.0213       1.8681   0.97 strong
  18.04821     3/2+    767.11    1.4459    -0.3836       2.1689   0.54 weak
  18.42292     1/2+   5446.32    1.8206    -2.7232       2.7309   0.03 weak
  18.67716     1/2-  10278.41    2.0749    -5.1392       3.1124   0.15 weak
  19.60923     3/2-   1478.22    3.0069    -0.7391       4.5104   0.52 weak
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Table 9.13: Energy levels of 9B

Ex
a (MeV± keV) Jπ; T Γc.m. (keV) Decay Reactions

g.s. 3
2

−; 1
2

0.54 ± 0.21 p 1, 2, 3, 4, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16,
17

≈ 1.6 b p, (α) 3, 4, 8, 13
2.361 ± 5 5

2

−; 1
2

81 ± 5 p, α 1, 2, 4, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17

2.75 ± 300 c 1
2

−; 1
2

3130 ± 200 p 3, 7, 10
2.788 ± 30 5

2

+; 1
2

550 ± 40 p, α 4, 7, 10, 11, 13, 15, 16
4.3 ± 200 d 1600 ± 200 7

6.97 ± 60 7
2

−; 1
2

2000 ± 200 p 4, 7, 11, 14, 15, 16
11.65 ± 60 e (7

2
)−; 1

2
800 ± 50 p 11, 13, 15, 16

12.19 ± 40 f 5
2

−; 1
2

450 ± 20 p, α 4, 7, 10, 14
14.01 ± 70 π = −; 1

2
390 ± 110 p, α 4, 7, 10, 14

14.6550 ± 2.5 3
2

−; 3
2

0.395 ± 0.042 γ, p 4, 7, 8, 10, 14
14.7 ± 200 g (5

2
)−; 1

2
1350 ± 200 11

15.29 ± 40 T = 1
2

14
15.58 ± 40 T = 1

2
14

16.024 ± 25 T = (1
2
) 180 ± 16 4, 14

16.71 ± 100 h (5
2

+
); (1

2
) 7

17.076 ± 4 1
2

−; 3
2

22 ± 5 (γ, 3He) 1, 14
17.190 ± 25 120 ± 40 p, d, 3He 4, 5, 14
17.54 ± 100 h,i (7

2

+
); (1

2
) 7

17.637 ± 10 i 71 ± 8 p, d, 3He, α 1, 4, 5, 14
a See reactions 7 and 8 for additional states and other values.
b A wide range of excitation energies and widths have been given from searches for the analog of the
1.68 MeV 1

2

+ state of 9Be. See (1987BA54, 1992CA31, 1995TI06, 1996BA22, 1999EF01).
c Analog to 9Be*(2.78). See (1985PU1A, 1995TI06, 2000GE09).
d See (1985PU1A). A level listed at Ex = 4.8MeV in (1988AJ01) was based on (1986AR14, 1987KA36).
e See (1974AJ01, 1985PU1A). Width from (1968KU04).
f See (1985PU1A, 2000GE09, 2001BE51).
g From (1968KU04).
h From (1985PU1A). See (1991DI03).
i These two levels may not be distinct.
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1.68 MeV 1

2

+ state of 9Be. See (1987BA54, 1992CA31, 1995TI06, 1996BA22, 1999EF01).
c Analog to 9Be*(2.78). See (1985PU1A, 1995TI06, 2000GE09).
d See (1985PU1A). A level listed at Ex = 4.8MeV in (1988AJ01) was based on (1986AR14, 1987KA36).
e See (1974AJ01, 1985PU1A). Width from (1968KU04).
f See (1985PU1A, 2000GE09, 2001BE51).
g From (1968KU04).
h From (1985PU1A). See (1991DI03).
i These two levels may not be distinct.
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TUNL-NDG/ENSDF 
parameters 

NB: no strong resonance seen 
~100 keV of 3He+6Li threshold 
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Observable fit: 3He+6Li elastic DCS  
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Observable fit: 6Li(3He,p)8Be* integrated x-sec 
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Observable fit: 6Li(3He,d)7Be integrated x-sec 
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Observable fit: 6Li(3He,γ)9B integrated x-sec 
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Summary, findings & future work 
•  Nuclear physics/microphysics explanations for the “Li problem” have been 

entertained 

•  There are no resonances in 9B that reside within ~200 (~100) keV of the d+7Be 
(3He+6Li) threshold with ‘large’ widths 10—40 keV 

•  This would appear to rule out scenarios considered by Cyburt & Pospelov 
(2009) and Chakraborty, Fields & Olive(2011) that low-lying, robust resonance 
in 9B could explain the “Li problem” 

•  It may be worth emphasizing that other nuclear physics explanations, such as 
insufficiently accurate and/or precise analyses of “known” nuclear reactions, 
may still be considered for the resolution of the “Li problem” 

•  While very useful, the TUNL-NDG/ENSDF tables may not be definitive; unitary 
analyses are req. and sometimes lacking; TO DO: submit new  9B analysis


•  Need for dedicated, low-energy, high pol. facility 

•  Improvements in the present analysis: more channels; incorporate p+8Be* 
angular data; proper treatment three-body final states 
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Supplementary material 
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Additional slides follow 
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BBN reaction network (simplified) 
n  Fields Annu. Rev. Nucl. Part. Sci. 2011. 61:47–68 
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n → peν

n(p, γ)d

d(d, p)t

d(p, γ)3He

d(d, n)3He
3He(n, p)t

t(d, n)4He

d(d, γ)4He
3He(d, p)4He

t(α, γ)7Li
4He(α, γ)7Be
7Be(n, p)7Li
7Be + d → 9B*
7Be + t → 10B*
7Be + 3He → 10C*

2
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10B15
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8 10
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Figure 1
Simplified big bang nucleosynthesis nuclear network. Shown are 12 normally important reactions (blue) and
3 proposed or tested new reactions (red ).

2.2. Light-Element Observations
Measuring the primordial abundance of any light element remains challenging. The BBN levels
set at z ∼ 1010 are reliably accessible only in sites at z ≤ 3 and often z ∼ 0. Other nucleosynthesis
processes have intervened, as evidenced by the nonzero metallicity of all known astrophysical
systems. Thus, one seeks to measure light elements in the most metal-poor systems, then to
obtain primordial abundances requires extrapolation to zero metallicity. The below discussion
closely follows that of References 30–32.

2.2.1. Deuterium, 3He, and 4He. Deuterium can be measured directly at high redshift. It is
present in distant neutral hydrogen gas clouds, which are observed in absorption along sight
lines to distant quasars. At present, there are seven systems with robust deuterium measurements
(33–38). These lie around redshift z ∼ 3 and have a metallicity that is ∼10−2 that of solar system
material; thus, deuterium should be essentially primordial. For these systems,

D
H

= (2.82 ± 0.21) × 10−5, 7.

where the error has been inflated by the reduced χ2
ν = 2.95.
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Spite Plateau 
n  Measurement of primordial 7Li from low-metallicity halo dwarf stars 
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0 (
Li

/H
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[Fe/H] = log10 [(Fe/H)/(Fe/H)◉]
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Figure 3
Lithium abundances in selected metal-poor Galactic halo stars. For each star, both lithium isotopes are
plotted versus the star’s metallicity: [Fe/H] = log10[(Fe/H)obs/(Fe/H)!]. Upper points show 7Li. The
flatness of 7Li versus iron is known as the Spite plateau; it indicates that the bulk of the lithium is unrelated
to Galactic nucleosynthesis processes and thus is primordial. The horizontal band gives the CMB+WMAP
prediction; the gap between this prediction and the plateau illustrates the 7Li problem. Points below the
Spite plateau show 6Li abundances; the apparent flatness of these points constitutes the 6Li problem. Curves
show predictions of a Galactic cosmic-ray nucleosynthesis model. Points have been corrected for pre-main-
sequence depletion. Abbreviation: CMB, cosmic microwave background. Reproduced from Reference 46
with permission.

Moreover, the Spite plateau level measures the primordial abundance. Thanks to the sustained
effort of several groups (46, 48–56), a large sample of halo stars have measured lithium abundances.
The dominant errors are systematic. A careful attempt to account for the full lithium error budget
found (57)

Li
H

= (1.23+0.68
−0.32) × 10−10, 9.

where the 95%-CL error budget is dominated by systematics (see also Section 3.1).
Finally, lithium has now been observed in stars in an accreted metal-poor dwarf galaxy. The

Li/H abundances are consistent with the Spite plateau, indicating the plateau’s universality (58).

2.2.3. 6Li. Due to the isotope shift in atomic lines, 6Li and 7Li are in principle distinguish-
able spectroscopically. In practice, the isotopic splitting is several times smaller than the thermal
broadening of stellar lithium lines. Nevertheless, the isotopic abundance remains encoded in the
detailed shape of the lithium absorption profile.

High–spectral resolution lithium measurements in halo stars attain the precision needed to
observe isotope signatures. Some researchers have claimed to detect 6Li with isotopic ratios in the
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Asplund M, et al. Astrophys. J. 644:229 (2006) 


